Abstract Forward scattering radar (FSR) has advantages over traditional monostatic radar such as an enhanced radar cross section. Enhancement of the radar cross section can increase the detection range of the FSR system. This feature has renewed interest in FSR. The latest development of the FSR system for ground application does not consider a rough environment and there is no advanced signal processing technique for the detection procedure, which have delayed the deployment of FSR. Therefore, this paper analyzes a signal processing technique that extracts the Doppler signal scattered from a moving target under the influence of ground clutter, receiver noise and surrounding noise. The scattered Doppler signal is processed for target detection. Two methods, namely the use of the Hilbert transform and wavelet technique, are evaluated. Results show that target detection using a Hilbert transform is applicable only for certain conditions but target detection employing the wavelet technique is more robust against clutter and noise. An inclusive comparison of various wavelet threshold selection rules for different types of wavelet filters and levels of decomposition is conducted to study the effect on target detection with FSR. Two sets of field experiments were carried out to validate the proposed method, and target signals under the influence of large clutter were successfully detected using the proposed method with a confidence level exceeding 75%.
Introduction
Forward scattering radar (FSR) is a special mode of bistatic radar for which the bistatic angle is nearly 180
• . FSR has a number of unique characteristics that make it interesting practically. Attractive features include the enhancement of the target radar cross section (RCS) relative to traditional monostatic radar [1] [2] [3] [4] [5] [6] , which improves the sensitivity of the radar system. Theoretically, the forward scattering RCS mainly depends on the physical cross section of the target and the wavelength, and is independent of the surface shape of the target and any radar absorbing material (RAM) coating, which reduces the target's RCS in the case of traditional radar. This feature makes the FSR system robust against stealth technology [6] . These advantageous features have created renewed interest in FSR, which was abandoned after World War II [4] . Currently, only a few researchers and research laboratories are seriously working in this area.
Thus, not many publications dedicated to FSR or FSR-related issues are available. However, in recent years, the number of publications has increased, indicating a rising interest in this topic. Different aspects have been discussed to further improve the FSR system performance, such as the use of multi-static [7] and complex [8] signal processing algorithms.
The basic concepts and theory of FSR were elaborated by Willis [4] and Chernyak [5] , and target detection and target coordinate estimation have been investigated [2, [9] [10] [11] . In addition, recent publications have discussed FSR for automatic ground target classification [12] [13] [14] [15] [16] [17] [18] [19] [20] . Recent studies on FSR reported in the cited literature have only been carried out for a small number of scenarios. Most of these publications are dedicated to FSR studies on airborne systems. Recent studies focusing on ground application [12] [13] [14] [15] [16] [17] have not considered any denoising of different noise levels masking the received signal, which can complicate the detection process. Hence, this paper compliments existing work on the FSR system towards realizing practical applications.
The aim of this paper is to improve the detection performance for a signal scattered from a moving ground target crossing the FSR baseline in the presence of background clutter and noise interference. Two methods of denoising, the Hilbert transform and the wavelet technique, are employed to detect a target. Suitable parameters and characteristics for both methods were determined from experiment analysis. It will be shown that a target crossing the FSR baseline can be effectively detected using these techniques. Incorporating signal processing to increase detection reliability will contribute to the advancement of a practical FSR system, especially for the ground scenario. Finally, an algorithm for automatic target detection (ATD) with FSR is proposed and discussed.
The concept of ground clutter rejection for FSR has been introduced in the literature [18] . In addition, surface clutter in the case of FSR has been physically modeled and statistically studied [19, 20] . The use of FSR together with a low-cost system for the detection of ground targets could have applications in civil, defense, safety and security systems, such as systems for situation awareness and remote monitoring. For example, a typical FSR system setup can be deployed as perimeter fencing for border protection. In this scenario, trees, bushes and vegetation produce a high degree of clutter for the receiver. The overall study and discussion of the FSR system in the ground scenario also has both maritime [21] and airborne applications. The rest of the paper is organized as follows. In section 2, we explain the FSR system model. Section 3 presents the experimental set-up and data collection. Target detection with FSR is discussed in section 4. Sections 5 and 6 present and evaluate the wavelet denoising technique for target detection with FSR.
Model of an FSR system
As mentioned earlier, the advantage of using the FSR system is the large increase in the RCS for most targets, which increases the sensitivity of the radar sensor. In some applications, however, the signal scattered from the target is weaker than the signals of the surrounding noise, receiver noise and large ground clutter. Thus, prior denoising of the scattered signal to suppress or remove noise is mandatory. The denoising analysis will be discussed in detail after the basic techniques of FSR relating to the scattered signal and power budget are summarized. The theoretical background and power budget analysis of FSR have been explained in detail in the literature [12, 15, 19] . Figure 1 illustrates the basic FSR system layout, which comprises a transmitter Tx at a distance d b from the receiver Rx with central frequency f c . The target is assumed to move along a trajectory that crosses the baseline with speed V and having bistatic angle β at zero elevation with the system operating in a ground plane. δ is the angle between the velocity vector and a vertical line between the target and baseline, and the target shadow is the back scatter from the target [12, 15] . For a moving target, the shadow signal experiences a Doppler shift f dbr (see [15] ):
The Doppler shift is a maximum for the target trajectory normal (perpendicular) to the baseline. Inf- ormation that can be taken from the scattered Doppler frequency is used in further processing for target classification under the assumption that a unique target possesses a unique Doppler signature in the frequency domain [12] [13] [14] [15] . The Doppler shift depends mainly on the target velocity vector components and the carrier frequency. The general equation that describes the received waveform-the signature of a moving sample target with rectangular shape-has been given in the literature [12] . When the bistatic angle β approaches 180
• (a special mode of bistatic radar), the target blocks part of the transmitted signal, which reduces the received signal power [6] . When the bistatic angle β=180
• , the strength of the received signal reaches a maximum and the target can be characterized by a forward scattering cross section σ b , which also depends on the target shadow silhouette area A (see [16] ):
where the signal wavelength λ is assumed to be small compared with the target dimensions, and A is the target shadow silhouette area projection on the transmitter-target line. There is further discussion on FSR performance in the literature [12, 15, 21] . The increase in the forward scattering cross section inherently contributes to the total received signal in the power budget equation. This effect has been explained in detail [20] , and the final power received from the target is
where P T is the transmitted power, G T and G R are respectively the transmitter and receiver antenna gains, h T and h R are respectively the heights of the transmitting antenna and receiving antenna, d T and d R are respectively the distances from the transmitter and receiver to the target, σ b is the bistatic cross section, λ is the wavelength and d b is the distance between the receiver and transmitter. Eq. (3) is actually a bistatic radar equation and it explains why the received power is considerably higher for FSR than for monostatic radar for the same target size. If the system is deployed using typical bistatic radar (β < 180 • ), then P R is also affected by σ b . The Doppler signal scattered from the moving target can be used for detection purposes in the FSR system. The question now is how to extract this Doppler signal. Theoretically, this is accomplished by processing the frequency-time and space-time signals, e.g., taking the fast Fourier transform (FFT) or discrete Fourier transform of the received signal [6, 15] . These processing techniques rely on the amplitude detector, where the bases of the FFT are spectrally analyzed to detect targets in the FSR system. Figure 2 is a block diagram of the simplified pre-and post-signal processing at the receiver of an FSR system. The received signals contain the direct signal f c and the signal with Doppler components f d . These signals are processed with an amplitude detector (diode) to obtain the envelope of the Doppler signal. The diode detector effectively combines these two components (f c and ( Figure 2 . A low-pass filter (LPF) removes the frequencies above the considered range and rejects the constant components resulting from the direct transmitter signal, leaving only the Doppler components (f d ). Finally, the Doppler components are amplified, sampled and digitized using an analog-to-digital converter (ADC). Suitable selection of the ADC sampling frequency is essential to see all relevant frequency components present and should be well above the Nyquist frequency. The FFT is then performed to predict the existence of the target on the basis of the frequency content of the signal. However, despite the wide use of this technique in the FSR systems, it is not fully practical in the case of high noise and large clutter masking the received signal. This problem also affects other spectral and time spectral analysis techniques [6] and is discussed in a later section. Hence, this study was undertaken to look for alternative processing methods so as to improve current detection techniques, especially for ATD applications. To address this issue, post-signal processing is incorporated into the FSR system.
FSR experimental set-up and data collection
Practical experimentation is of paramount importance for the development of any radar system. In this section, the experimental set-up is described and the method of data collection is presented. Two experimental set-ups (set-up 1 and set-up 2) were implemented to collect the FSR signal scattered from the target. The difference between the set-ups is in the choosing of the Tx-Rx distance, power transmitted, types of antenna and antenna height. Typical cars on public roads were used as targets as shown in Figure 3 .
FSR experimental set-up 1
A block diagram of the FSR sensor and a typical scene during the FSR experimentation are illustrated in Figure 4 . The transmitter generates a 20 dB continuous wave signal at an ISM (industrial, scientific and medical) band carrier frequency of 900 MHz with vertical polarization. In this set-up, two directional flat antennas as shown in Figure 5 (a) were used as the transmitting and receiving antennas. At the receiver, the scattered signal was detected via nonlinear processing, whereby the arriving signal, which contains both the direct signal and the signal with the Doppler components, was processed by the amplitude detector. The low-pass filter allows only the Doppler component to pass. This waveform is known as the 'vehicle signature' in the time domain and is stored for further processing. Further details of set-up 1 are given in the literature [15] .
FSR experimental set-up 2
In general, set-up 2 is similar to set-up 1. The differences are as follows.
1) In set-up 2, two omni-directional antennas with lower gain at 2 dBi and wider beamwidth as shown in Figure 5 (b) were used. It is desirable for any radar to have a wide coverage area. In this case, using an omni-directional antenna, the forward scattering network can cover a 360
• angle. This can be achieved with a special design of the FSR network topology. 2) The separation of the transmitter and receiver is increased to ∼40 m, whereas the Tx-Rx distance in the initial set-up was restricted to only ∼15 m. As the Tx-Rx distance increases, the power received at the receiver decreases, and the signal becomes highly corrupted with noise. Large separation of the transmitter and receiver baseline is an important requirement of a practical radar system.
3) The antennas were mounted on a pole and elevated ∼1 m above the ground in the first case whereas the antennas were placed on the ground in the second experiment as shown in Figure 4 (b). In the latter case, an antenna can be easily concealed and be less cumbersome owing to the lack of mounting, and it is hence easy to deploy and less costly.
The differences between the two experimental set-ups are summarized in Table 1 . The practical FSR in set-up 2 complicates the process of extracting the Doppler frequencies. The scenario restricts the power density falling incident on the target surface in addition to the received signal having higher levels of noise and ground clutter. This reduction in the strength of the received signal can be achieved by using the omni-directional antenna and elevating the antenna above the ground as there is an obvious direct relationship between the height of the antenna and the received signal strength in eq. (3). The choice of carrier frequency of 900 MHz increases the difficulty of extracting the Doppler signals. This is due to the tendency for strong interference especially in the case of cellular services. An example of the received signal is given in the next section.
Target detection in an FSR experiment
For the FSR system as shown in Figure 1 , the electromagnetic wave scattered from the target carries Doppler information to the receiver as a result of the variation in the Tx-target-Rx distance. The Doppler frequency is determined by the carrier wavelength and speed of the target relative to Rx as expressed by eq. (1). Thus, the Doppler frequency scattered by the target is zero whenever the target is on the Tx-Rx baseline as illustrated in Figure 5 using a point target (position C, f Dc =0). Hence, the first target detection technique within the FSR corridor is based on the high amplitude of the zero Doppler frequency (dc component) at the receiver, i.e., when the target is exactly on the Tx-Rx baseline. The Doppler frequency at the receiver increases as the target moves away from the baseline. Applying a Hilbert transform to the received signal establishes a relationship between the instantaneous frequencies with respect to time, which reflects the target's position. Using the frequency-time relationship derived from the Hilbert transform, the target can be detected. The effectiveness of the proposed method is demonstrated first by testing the analytical result and then by taking real experimental data. Figure 5 shows an analytically ideal Doppler signal received from one target and its frequency-time relationship. The graph showing the instantaneous frequency-time relationship ( Figure 5 ) clearly indicates that the target crossing the baseline (zero Doppler frequency) correlates with the position in the time domain signal (at time t=1.5 s). Thus, this technique has potential to be used for target detection with FSR. Figure 6 (a) shows an example of the received signal in the time domain for set-up 1 with a signal-tonoise ratio (SNR) of 20 dB. The frequency-time relationship produced by applying the Hilbert transform is shown in Figure 6 (b). The lowest Doppler frequency (at time duration Δt=1.5−2.2 s) verifies the assumption that a unique target possesses a unique Doppler signature in the frequency domain and the smallest Doppler frequency occurred within the forward scatter region.
The next task is to apply the same procedure for set-up 2. In this experiment, the antennas were placed directly on the ground. Two sets of possible scenarios were evaluated. In the first, only one target crosses the FSR baseline, and in the second, two targets separated by ∼3 m cross the FSR baseline. Figure 7(a) shows the actual received signal in the time domain with SNRs of 10 and 13 dB. The graph shows that the received signals are affected by a high level of noise and can barely be discriminated. Figure 7(b) shows the plot of the instantaneous frequency-time relationship obtained by applying a Hilbert transform to the graph in Figure 7(a) . The results reveal a promising indicator base of low frequency at t = 3 s in the one-target case and of the two lowest frequencies between t=3.1 and 3.5 s in the two-target case. The positions of these troughs correlate with the expected target's signal in the time-domain signal. Each trough represents a car passing the FSR baseline. The result for this example is considered good, provided that there is information about the target's existence. However, processing the data in Figure  7 (b) with an automatic detector requires consideration of a threshold value of the frequency (the lowest acceptable frequency) before any decision can be made and the minimum difference between Doppler frequencies scattered from a target and clutter. Such uncertainties may lead to false alarms. If the Tx-Rx distance is further increased, the Doppler information will be completely hidden and embedded within noise, which is the dominant signal, and the ground clutter as shown in Figure 8 (a) and in the subsequent figures. Consequently, predicting target existence using the frequency-time relationship is expected to be less efficient as illustrated in Figure 8(b) . ATD will experience difficulty in analyzing this type of signal. Thus, an alternative method for detecting the existence of targets with the FSR system is required and is discussed in the next section. 
Improvement in target detection with FSR
Since noise is random and varies in an unexpected manner, a variable denoising technique is required in many radar systems. Filtering is a traditional and well-known denoising technique. However, it appears to be less effective when dealing with a great variation in the noise level. This increases the demand for adaptive filtering techniques, which have been adopted in wavelet techniques. In this paper, to overcome uncertainties in the decision making of target detection with an FSR system as illustrated in Figures 7  and 8 , the use of a wavelet signal denoising technique is proposed. This procedure increases the confidence in target detection with the FSR system [22] .
In its simplest version, wavelet denoising involves removing noise or clutter from a signal using the wavelet technique. Wavelet denoising is employed in many engineering fields, such as biomedical, mechanical, civil and telecommunications engineering. For example, wavelet denoising is used to detect a weak linear-frequency modulation signal buried within additive white Gaussian noise [23] . For radar applications, wavelet denoising is used to automatically remove ground and intermittent clutter (airplane echoes) from wind profiler radar data [24] . Wavelet denoising is also used for ultrasonic radar [25] to enhance the quality of the inspection image and detect multiple instances of damage. Signal processing methods that have been employed include the discrete wavelet transform for signal denoising, continuous wavelet transform for frequency filtering, and Hilbert transform for envelope extraction.
In this paper, the wavelet denoising technique and theory are described prior to experimental testing. A wavelet is a waveform ψ(t) of effectively limited duration that has an average value of zero [26] :
The wavelet also comprises functions that are obtained by scaling and translating a single main function called a mother wavelet:
where a is the dilation or scale and b is the translation or position. Given a test signal s(t), the continuous-time wavelet transform (CWT) of the test signal is
The above expression produces a redundant transform. To avoid the redundancy, the translation b and scaling a parameters are discretized. One of the most popular discretization methods involves changing the scaling a by a factor of 2 j and the translation b by a factor of 2 j n, where j is the level of decomposition [26] . This produces the dyadic wavelet:
The dyadic discrete wavelet transform (DWT) of a signal
The previous expression produces orthogonal and non-redundant wavelet decomposition. The DWT of a signal can be computed by means of a digital filter bank tree combined with decimation blocks. In its simplest version, wavelet denoising can be summarized as (see [26] ) 1) decomposition, 2) thresholding of the coefficients in the transformed domain, and 3) reconstruction of the denoised signal by taking the inverse transform.
The following sub-sections further describe wavelet denoising and how it is applied to detection with the FSR system.
Decomposition
As mentioned above, the DWT is used instead of the CWT. Discrete wavelet analysis is based on multiresolution analysis [26] . In multiresolution analysis, a signal is decomposed recursively into a sum of details (D 1 , . . . , D n ) and approximations (A 1 , . . . , A n ) at different levels of resolution. The details represent the high-frequency components of the signal, while the approximations represent the low-frequency components.
In this paper, the wavelet function sym8 is used as the selected mother wavelet for decomposition. The choice of wavelet function is based on strong correlation between the received signal and selected wavelet function, and the selection of the mother wavelet greatly affects the detection process. Therefore, prior knowledge of the target time-domain received signal is mandatory. Figure 9 shows the testing of different mother wavelet functions for 50 samples of different received SNRs, with 10 samples for each SNR value. The figure shows that the largest number of targets is detected for sym8.
We now let s(t) be the analytical signal received from the target with rectangular shape at the receiver, which is given by [12] 
After digitizing, the received signal becomes where T is the sampling time. By multiplying the received signal in the time domain with a periodic train of pulses p(t) with period T , the resulting digitized signal is [26, 27] 
where
The approximations and details before decimation are calculated as [26, 27] As
where k, 1 [n] is the impulse response of the wavelet function and is used to calculate the details. k,0 is the impulse response of the scaling function used to calculate the approximation and j = k are the level numbers. The decimation takes place after the filtering. The equivalent representation of the DWT for s(t) with a decimation factor 2 l is [26, 27] As
Thresholding the detail coefficients
After decomposition using the DWT, the signal is left with a set of wavelet coefficients that correlate to the high-frequency sub-bands consisting of the details in the signal. These details can be omitted without substantially affecting the main features of the signal if they are small enough. Inherently, these small details are often associated with noise; therefore, the noise can be filtered out by setting these coefficients to zero. This is the basic concept of the threshold-setting all frequency sub-band coefficients that are less than a particular threshold to zero and using these coefficients in an inverse wavelet transformation to reconstruct the signal. Threshold operation can be classified into hard-threshold and soft-threshold operations and there are several common rules that are used to calculate the threshold value [28] . The most common ones are sure, fixed-form threshold, heursure, and minimax [28, 29] .
The different threshold rules were tested with 50 received signals of the sample targets as depicted in Figure 10 . It is concluded that a fixed form of threshold selecting rules is best for noisy signals. On the basis of this result, the fixed-form threshold was selected as the threshold rule for the FSR system in this paper. The fixed-form threshold is defined as 2 log(length(x)).
(17)
Reconstruction
Reconstruction regenerates the final signal from the target without significant loss of information. This process is called the inverse discrete wavelet transform (IDWT) or wavelet reconstruction. Wavelet reconstruction consists of up sampling and filtering with reconstruction filters. The equivalent representation of the IDWT is
where g [m] is the reconstruction filter. Applying the above procedure to the signal in Figure 7 (a), the signal is left with peaks and most of the high-frequency noise is filtered out as shown in Figure 7 (c). The positions of the clear high peaks correlate to Figure 7 . This indicates that the denoising process is correct and adequate for target detection. To test the feasibility of the proposed procedures in target detection with the FSR system, the experimental data in Figure 9 (a) are used. The result shown in Figure 7 (c) validates the potential of wavelet denoising in ATD with the FSR system. To test the robustness of the proposed procedure, it was tested with new experimental data. In this case, data were collected using experimental set-up 2, but the transmitting power was reduced. This is to ensure that the signal scattered from the target is completely masked by clutter and noise as shown in Figure 11 (a) and it is impossible to detect the existence of the target. Applying the wavelet denoising technique to the received signal using the Sym8 wavelet function, the target can be detected by observing clear high peaks that correspond to the targets as illustrated in Figure 11(b) .
The results presented validate the proposed technique for detecting a target. All signals, results and graphs for 'before' and 'after' denoising were verified using a video camera to capture the experimentation scene. During experimentation, all vehicles passing through the sensor baseline were recorded using a video camera. Hence, the captured vehicle signature can be associated with the respective vehicle. Table 2 presents the overall statistics for the analysis of automatic ground target detection with the FSR using set-up 2. The table includes the number of trials, number of successful detections, number of missed detections and number of false detections. It is seen that for Tx-Rx separation of 17 m, all targets were successfully detected owing to acceptable SNR values as discussed above. There were few missed detections in the experimental set up with Tx-Rx separation of 40 m and reduced power transmission. This could be of two reasons.
1) The threshold is too high in the wavelet denoise process, in which case all features of the signal including the signal of the target are erased.
2) There are too many decomposition levels. In the experiment, this often happens for signals with SNR below −10 dB. Table 2 also shows that there were false detections, which means that the system initiates an alarm for a detected target while, in reality, there is no target. Such false detections occur when the threshold in the wavelet denoise process is too low, in which case Doppler signals from other unwanted targets (e.g., trees and bushes) are included in the received signal.
Conclusions
This paper presented an analytical and experimental study for extracting the Doppler signature in FSR for ground target detection. The target signal under the influence of clutter, environment noise and receiver noise was successfully detected using the proposed method. Detection using a Hilbert transform is applicable only if the target signal significantly differs from the average noise level. However, detection employing wavelet denoising is more robust against clutter and noise. Thus, the ability of the FSR system to detect targets with scattered signals hidden in and over-masked by noise and background clutter was improved with a confidence level exceeding 75%. The proposed wavelet technique can also be applied as part of the automatic detection algorithm for FSR. However, to realize FSR application, future work needs to investigate the choice of optimum frequency, the possibility of using multi-frequency sensors, FSR cross-range resolution (the minimum separation between targets) and artificial-intelligence techniques that can be used to enhance the wavelet denoising technique.
